Our findings provide evidence that plasma TAS levels are decreased in patients with glaucoma, more so in POAG and PEG than PACG, supporting the hypothesis that decreased antioxidative defense and/or increased oxidative stress may have a critical role in the pathogenesis of glaucoma.
G laucoma is a progressive optic neuropathy associated with optic nerve damage, and is one of the most leading cause of blindness worldwide. 1 Elevated intraocular pressure (IOP) as a result of reduction in normal aqueous outflow is a major causal risk factor that is well supported by animal studies. [2] [3] [4] Although IOP is considered a major risk factor for glaucoma, 2, 3 other concomitant factors affecting the pathophysiology of glaucomatous retinal ganglion cell (RGC) death include retinal ischemia, 5 nutritional status, 6 and oxidative stress. 7 There is evidence of oxidative damage in ocular diseases, such as cataract and age-related macular degeneration. 8 In addition, significant oxidative damage has been demonstrated in human trabecular meshwork (TM) cells of patients with glaucoma, 7 causing elevated IOP and visual field damage. 9 Furthermore, our previous studies have documented mitochondrial abnormalities [10] [11] [12] (oxidative stress marker), and glutathione-S-transferase (antioxidant) gene (GST) polymorphisms to be associated with various types of glaucoma. 13 It is clearly evident from the literature, and our own studies, that oxidative stress mechanisms play a critical role in the pathogenesis of glaucoma. Previous studies had demonstrated reduced total antioxidant capacity in aqueous humor and blood samples from patients with glaucoma. [14] [15] [16] [17] To evaluate the role of oxidative stress in different types of glaucoma we had previously investigated total antioxidants status (TAS) in the plasma of pseudoexfoliation glaucoma (PEG) patients, 18 primary angle closure glaucoma (PACG) patients, 19 and in the plasma of primary open angle glaucoma (POAG) patients. 20 As an extension to these studies, here, we compare the mean TAS level among these 3 glaucoma types, and study the potential association between the TAS level and various clinical parameters important to each type of glaucoma. [18] [19] [20] Methods. Search method. PubMed and Google search engines were used to locate research work published in this area. Keywords such as 'total antioxidants', 'oxidative stress', 'glaucoma' and their combinations were used for searching the literature.
Study population. This case-control cross-sectional study was conducted between September 2013 and October 2014 at King Abdulaziz University Hospital, King Saud University, Riyadh, Saudi Arabia. The study adhered to the tenets of the Declaration of Helsinki, and was approved by our institutional review board committee. Informed consents were obtained from all the participants. We recruited 340 Saudi glaucoma patients (54 with PEG, 147 with POAG, and 139 with PACG). Inclusion and exclusion criteria for each type of glaucoma have been detailed previously. [18] [19] [20] In our study, the team included 2 glaucoma consultants who carried out the measurements and reviewed the collected data. For this purpose, a standardized technique was meticulously followed. In our facility, in general, we adopt the European glaucoma society guidelines, 21 where all assessment procedures are standardized. Information on all risk factors (smoking, diabetes mellitus [DM], hypertension, coronary artery disease [CAD] and hypercholesterolemia) was procured through their medical records. An ethnically-matched healthy control group (n=351) included individuals of age >40 years with normal IOP, open angles on gonioscopy, normal optic nerves, and free from glaucoma as described elsewhere. 18 All our patients and controls declared that they were not taking any antioxidant supplements at the time when the blood was collected.
Plasma preparation and storage. Ethylene-diaminetetraacetic acid (EDTA) blood samples were used to collect the plasma layer after centrifugation at 5,500 xg for 5 min. The plasma samples were stored at -80 o C until use for TAS assay.
Plasma total antioxidant status. A colorimetricbased assay from Randox (Randox Laboratories Ltd, Antrim, UK) was used to estimate the plasma TAS levels. The method is based on detection of a reduction in the generation of the ABTS®+(2, 2'-Azinobis-di [3-ethylbenzthiazoline sulphonate]) radical cations by plasma antioxidants, which is proportional to the total antioxidant concentration. The assay was performed in duplicate on an automated biochemical analyzer, ChemWell-T (Awareness Technology Inc., Palm City, FL, USA), as per the manufacturer's instructions (Randox Laboratories, Antrim, UK) and has been detailed elsewhere. 18 The plasma TAS levels were expressed in mmol/L.
Statistical methods. Data were retrieved and recorded in a specific hard copy of the study form. Data were then reviewed and stored into a specifically designed database using Microsoft Access 2010® software (Microsoft Corporation, Redmond, WA, USA where categorical variables were presented in the form of frequencies and percentages and continuous variables in the form of mean ± standard deviation (SD) and range (minimum -maximum). Alternatively, Chi-squared test was conducted to detect the association between types of glaucoma and different systemic comorbidities (Fisher's exact test, when indicated). Inferential analysis was carried out in forms of comparison of means using Student's t-test, and analysis of variance (ANOVA) while comparing different glaucoma groups. A consecutive post-hoc analysis was conducted to variables that showed significant differences in the ANOVA test to identify the source of a cross-groups variation. Test of correlation was carried out using where Pearson correlation coefficient (R) and the corresponding p-value were calculated, while the Spearman's test was alternatively used whenever indicated. To detect an adjusted effect size of different study variables on the TAS concentration, linear regression analysis was finally carried out including all potentially associated factors. A 95% confidence interval (CI) was calculated and p<0.05 was considered statistically significant.
Results. In the current study, we recruited a total of 691 subjects. These included 340 (49.2%) cases with a confirmed diagnosis of various types of glaucoma, and 351 (50.8%) healthy individuals free from glaucoma that served as controls. Overall, the mean ± SD TAS level was found to be significantly lower among cases as compared with controls (0.77 ± 0.32 versus 1.1 ± 0.22; p<0.0001, 95% CI: -0.291 --0.175). Moreover, the levels were also found to be significantly different across the 3 glaucoma types as shown in Figure 1 . The demographic details of the subjects included in the study is shown in Table 1 . Table 2 shows the distribution of different systemic co-morbidities, glaucoma related indices, and glaucoma specific indices including TAS levels among the 3 groups of glaucoma cases. Glaucoma awareness and age at onset were found to be significantly distributed (p<0.0001) among the cases. Similarly, except for cup/disc ratio other glaucoma specific indices such as IOP (p=0.005), number of anti-glaucoma medications (p<0.0001), Logarithm of the minimum angle of resolution (LogMAR) visual acuity (p=0.034), and TAS (p<0.0001) showed significant distribution. In addition, significant distribution was noted for diabetes mellitus (p=0.003) and hypertension (p=0.022) among cases. However, no significant difference was seen for any of the 5 different systemic co-morbidities when total cases were compared with controls ( Table 3) . To identify the source of variations between groups showing significant distributions, post hoc analysis Table 4 . Importantly, post hoc analysis for TAS revealed that the source of variation was reciprocal among all different glaucoma categories (PEG versus POAG, p<0.0001; PEG versus PACG, p=0.003 and POAG versus PACG, p<0.0001). Overall, correlation testing showed that there was significant correlation between TAS and age at onset (R: 0.17, p<0.0001), cup/disc ratio (R: -0.13, p=0.004), and number of anti-glaucoma medications (R: -0.16, p=0.001) ( Table 5 ). As indicated in Table 6 , linear regression analysis showed that TAS levels were significantly associated with age (p=0.020), diabetes (p=0.001), hypertension (p=0.024), awareness of having glaucoma (p=0.001), type of glaucoma (p=0.032), and cup/disc ratio (p=0.001). Discussion. We obtained plasma samples from 340 cases of extensively diagnosed glaucoma patients and 351 healthy controls. Our control group was carefully selected in terms of age, gender, and ethnicity. We established that they were free of glaucoma by extensive clinical examination. Age and gender are known to affect TAS levels independent of glaucoma status; therefore, age-and-gender matched control groups were selected for this study. 22 In addition, as indicated in Table 3 there was no difference in the distribution of 5 different systemic co-morbidity (DM, hypertension, hypercholesterolemia, CAD, and smoking) between patients and controls thus eliminating any other factors which may influence the TAS level and allowing us to compare TAS level as independent risk factor for glaucoma. There is strong evidence of oxidative mechanisms in POAG, 10 and PEG. 23 However, optic nerve injury in PACG is mainly considered to be caused by increased IOP as a result of anatomic changes in the anterior, 24 and posterior globe. 25, 26 The role of oxidative stress in PACG has perhaps therefore received limited attention, despite the fact that PACG affects 3.9 million people worldwide. 1 We previously investigated the TAS level in a PACG group of patients. 19 Among the 340 glaucoma cases we had 54 PEG cases, 147 POAG, and 139 PACG cases. When every group of glaucoma was compared to controls independently, we detected the following: i) TAS levels among PEG were decreased in relation to controls;
18 ii) TAS level was also decreased in POAG patients versus controls, and TAS level was associated with increased cup-to-disc ratio; 20, 27 and iii) TAS level was almost similar in PACG patients versus controls; however, there was an inverse correlation of TAS level with IOP. 19, 28 From these results, it is clear that decreased TAS level plays a bigger role in PEG and POAG compared with PACG. This may indicate that oxidative stress represented indirectly by the TAS levels; play a bigger role in cases of POAG and PEG than for PACG.
Our current observation that oxidative stress may play a minor role in PACG development compared to other types of glaucoma is well supported by our previous findings in PACG. 29 It is also possible that decreased levels of TAS are more linked to particular clinical indices important for PACG rather than the disease per se. Collectively, the mean total antioxidant concentration was significantly lower among cases compared with controls. This fact confirms our previous findings in the Saudi population, [18] [19] [20] and agrees with the published literature. Gherghel et al 30 reported decreased levels of plasma glutathione in patients with glaucoma suggesting compromised antioxidative defense. Erdurmus et al 15 reported decreased serum antioxidant capacity and increased blood oxidative stress in patients with POAG and PEG. Zanon-Moreno et al 31 reported a significant increase in oxidative status measured as malondialdehyde-thiobarbituric acid reactive substances (MDA-TBARS), and decreased total antioxidant activity in the aqueous humor of glaucomatous eyes than the cataract eyes. In addition; however, our current study highlights the association between type and severity of glaucoma and the mean TAS level. Our findings suggest that not only the mean TAS level may be decreased due to glaucoma, but it is also more decreased in open angle than in closed angle or pseudoexfoliation types, enforcing our earlier investigations that oxidative stress may play a minor role in PACG development compared with other types of glaucoma. 29 Oxidative stress in the anterior chamber of glaucomatous eyes can be an ocular manifestation as a result of systemic insult. A study by Sorkhabi et al 16 provided evidence for increased oxidative damage and decreased TAS in serum and aqueous humor of glaucoma patients suggesting that in glaucoma the increased oxidative burden in the anterior chamber of glaucomatous eyes may be due more to a faulty antioxidative defense and increased oxidative stress than to a systemic insult, compromising the trabecular meshwork and its functioning. Hence, we speculate that decreased levels of TAS, as a result of increased oxidative stress in the glaucomatous eyes, may at least in part play a role in occurrence and progression of POAG and PEG.
We also observed that the more reduced mean TAS level, the more acute or severe the glaucoma type. Additionally, the inheritance factors are playing a major role in this causative pathway, as our findings show that the prevalence of consanguinity and a family history of glaucoma are much more among both POAG and PACG groups than the PEG group. Although most of our recruited patients are usually set on anti-glaucoma medications, there was a statistically significant difference across the 3 subgroups of cases in terms of both mean IOP and number of glaucoma mediations levels. It is well established that chronic glaucoma patients suffer an increasing pattern of IOP until reaching the maximum tolerated level of medication and are indicated for surgical intervention. This fact was also true for the visual acuity level. Furthermore, our findings suggest that the mean TAS level may be used as an indicator of the severity of glaucoma, and possibly on the duration and compliance to treatment among chronic cases. Nevertheless, this area requires more investigation and recruitment of a large cohort of patients in a longitudinal multi-centric study to provide concrete evidence.
This study has its own limitations. There is a great debate in the literature regarding the role of cataract in glaucoma surgery. Visual acuity assessment as a glaucoma severity index used in our study could therefore be affected by other diseases common in these patients including cataract. However, among our subjects we did not have enough cases to compare vision with and without combined cataract. Reviewing our data, we found only 2 cases with combined cataract, where visual acuity was better than 20/40; so, it was not worth controlling for them. In addition, our current study used age at first diagnosis and self reported age at onset as a surrogate to the actual age at onset. The reason for that was to roughly estimate the duration of having glaucoma. We understand that this measurement would face a lot of potential bias. However, we think that in terms of age, it would be much more appropriate to use "age at onset" than using the "current patient age" where this approach is expected to minimize the estimation error. Although significant correlation has been reported between serum and aqueous levels of TAS, 16 it should be noted that the results reflect the antioxidant status in the plasma samples and not aqueous fluid and hence require cautious interpretations. The study is purely descriptive in nature and provides no evidence of mechanistic conclusions. In a perfect scenario an ideal study group would include glaucoma patients without anti-glaucoma medications; however, these cannot be included for ethical reasons. Our findings do not necessarily indicate that low levels of TAS is a primary cause of glaucoma, but suggest future avenues for research.
In conclusion, our findings provide evidence that plasma TAS levels are decreased in patients with glaucoma, more so in open-angle and pseudoexfoliation than angle-closure glaucoma. The study adds to the growing body of evidence supporting the hypothesis that decreased antioxidative defense and/or increased oxidative stress may have a critical role in the pathogenesis of glaucoma. As far as we know, this study is unique in its approach, and may open the gate for more investigations in the area of antioxidant research in glaucoma that would yield a more in-depth understanding of the association between pathogenic mechanisms of the disease and antioxidants level, and provide a new therapeutic approach to control the increasing prevalence of blinding glaucoma.
